Ionospheric reaction rates in the light of recent measurements in the ionosphere and the laboratory by Donahue, T. M.
t-.. , ... . . 
SPACE RESEARCH COORDINATION CENTER 
L 
I 
f 
I 
2 
* 
< 
IONOSPHERIC REACTION RATES IN THE 
LIGHT OF RECENT MEASUREMENTS 
IN THE IONOSPHERE 
AND THE LABORATORY 
BY 
T. M. DONAHUE 
DEPARTMENT OF PHYSICS 
GPO PRICE $ 
OTS PRICE(S) $ 
Hard copy (HC) 
Microfiche (M F) 
SRCC REPORT NO. 5 
UNIVERSITY O F  PITTSBURGH 
PITTSBURGH, PENNSYLVANIA 
27 MAY 1965 
4 
https://ntrs.nasa.gov/search.jsp?R=19650018350 2020-03-17T01:32:50+00:00Z
. 
The Space Research Coordination Center, established in May, 1963, coordinates 
space-oriented research in the various schools, divisions and centers of the University of 
Pittsburgh. Members of the various faculties of the University may affiliate with the 
Center by accepting appointments as Staff Members. Some, but by no means all, Staff 
Members carry out their researches in the Space Research Coordination Center building. 
The Center's policies are determined by an SRCC Faculty Council. 
The Center provides partial support for space-oriented research, particularly for 
new faculty members; it awards annually a number of postdoctoral fellowships and NASA 
predoctoral traineeships; it issues p e r i o d i c reports of space-oriented research and a 
comprehensive annual report. In concert with the University's Knowledge Availability 
Systems Center it seeks to assist in the orderly transfer of new space-generated knowl- 
edge into industrial application. 
The Center is supported by a Research Grant (NsG-416) from the National Aero- 
nautics and Space Administration, s t r o n  g 1 y supplemented by grants from The A. W. 
Mellon Educational and Charitable Trust, the Maurice Falk Medical Fund, the Richard 
King Mellon Foundation and the Sarah Mellon Scaife Foundation. Much of the work 
described in  SRCC reports is financed by o t h e r  grants, made to i n  d i v i  d u a 1 faculty 
members. 
L 
I' 
IONOSPRERIC REACTION RATES IN THE LIGHT OF RECENT MEASIRiEMENTS 
IN T a  IONOSPHERE AND THE IABORATORY 
T. M. Donahue 
Planetary and Space Science 
c 
B 
I C  
University of  Pittsburgh 
Pittsburgh, Pennsylvania 
. 
I 
T. M. M u e  
Univerrity of rittrburgh, Httrrbur#d Swuylvaaia 
(Received 1 
ABSrPlUCT 2 7951 
Am attmpt i r  made t o  obtain set8 of ion-molecule reactam -tea 
an4 reccmbinrtion coefficients eonsiotent with recent mrr r)ectmm8tric 
ion &at. between I20 and 220 km. It is found taut recently 
of 3 x 10'~ c J / s e c  for  iorp.tion of NO+ i'rasl CP + a2 a d  4 x 10~13 ad/- 
for cbrge  excharye I n  I$+ + O2 require that the rote of f O r V t i ~  of * 
in the + 0 reaction be larger than 5 x 1QoM c 3 / r a c  a t  moo 
cotllltlone are tausceptible t o  explanation with CL wLQe xuy. of parafUa 
lrfw 
=tea. The obaervationo require that  the direocistive recab&mbiar, 00- 
- I  
cfflclent for NO+ decrease from 5 x e d / s e c  a t  308" a8 T -312 and for 
++ decrerre frm 3*5  x 10.7 ca3/rec a6 T e o h O  !T!&e B f @ t f u  farro8)hm 
can be explained with the m e  recombinatfan eaefflefentr. The noefpnarl 
NO+ rsxinum in the E region then requires an ionization of I a t  the rrrte 2 
3 of 6-10 ion pairr/cm see. +, 0 charge exchange reaction nut be rlov H2 2 
and the N2+ 0 ion atom interchaqe reaction rapid unlesr loo+ prductiaa 
from n2+, o2 and 02+' NO reactions is  eff ic ient  e A source of ionicrtion 
is also required above 180 km t o  explain the appearance of I + a t  right. 
. *  kb 
. .  
. 
a t  them81 energy has given the  suppfis%rag.ly law value of 4 x aO'13 
cm 3 /sec. 
2 x 10-10 cm3/sec measur4 previopasw Pn an sfitram 
it seriously reduces the effectiveness of 8 mechanism comfdered v e q  
important f o r  the removal of N ~ +  ions in the isnosphereo 
a r l y  troubling i n  tbt duping the same series of eqertaente(l) . ~ d  
a very simihr technique the rate  for the ion a t m  interehaqe mwti0O 
This is almost t h e e  orders ob m%gnftude lese than 8 value of 
md 
TMS p r t ~ c -  
WQS found t o  be only 3 x cm3/secs again the rmaUest value memured 
t o  this time. 
severely Umit the permitted rate  a t  which D+ ions are crestml i n  the 
charge exchange 
Such a Low rate of removal of 0' by this  reaction vould 
192' + 0 4 o+ 4- N2 
These measurements i n  cowbinstion leave very few avenue6 open for tlm- 
away N2+. It is the purpose of thfa na&e t o  point out that  if the 
measured rates apply to the states fia whfch 0' and lV2+ am found fn the 
E region they are consistent with the most recent ionorpheric dak anly 
I 
9 
i f  the rate for the ion-atom fntercha9ge 
I 
2 
is of the order of 5 x lom cm3/sec. Since it has been questioned whether 
th i s  reaction is  exothermic t h i s  is a severe requfrement and cer ta in ly  
demands a measurement of the rate  f o r  this very interest- reaction. 
The densities of the principal ionic constituents of the mer  IC 
and lover F regions have recently been obtained mass spectrometrlcally 
i n  the daytime and in the nightime (3) .  The resul ts  81% shown in Table 1 
a t  al t i tudes of 120, 140, 160 and 220 Irm. Because the sum of the ion 
densit ies was l ess  than the electron densities up t o  about 160 h *ere 
0' began t o  be the dominant Ionic species the measured values of molecular 
ions were arbitrarily multiplled by a factor of 1.75 in the table. This 
was done t o  render the calculation eelf-consistenti and ha@ no qualitative 
effect  on the principal deductions in thie  wper. 
The eslien% fsatureu of the obseMetioae em the Zrnt va1ue~ of 
N2+ deneltletn in the tlq&We sad thk near aqmUty of 0;' and a0' 4ensitier 
a t  all altitudes. @ become6 predominant above 180 hao A t  night the 
persistence of Ne a t  low al t i tude is striking. O n l y  ?IO+ and 02' are 
observed below 200 km. While the density of 02+ is low and virtually 
independent of altitude up t o  190 km, the Ne density is very high near 
125 km, decreases t o  8 mlniwaa a t  170 km, then rise6 sgcain. 
density increases sharply above 200 km along with the IVO+ and 02+ 
densit ies so that by 200 Inn, O' loo+ and 02' are equal i n  abundance. 
The appearance of a measurable gusotlt$of R2+ above 200 km at night 18 a 
snrprtse i n  v iew of the rapid removal processes which di6pOse of this  
The 0' 
ion i n  the day time. 
I Table 1 
I 
t 
Daytime Ionic Densities in 
120 2 x  l C ?  5 . 0 ~  lot 
. 140 4 x  lo3 4.5 x 13 
160 3.3~10~ l.13X103 
220 4 x ID5 1.7 x 10 3 
Altitude 
km 
120 
140 
160 
220 
Altitude 
Inn 
120 
140 
160 
220 
Q1 
4.6~102 
8.9~102 
7 .7x102 
2 5 x l d  
(1) 0 
4 x 101O 
4.2 109 
10 1.2 x 10 
8 7.5 x 10 
Ne 
3.5 X 10 4 lo5 
105 2 lo2 2 105 
2 103 4 105 
4 6.2 x 10 
1.3 x lo5 4 6.25 lo4 5.7 10 
4 6.1 x io  
4 1.2 x 10 4 1.7 x io 
Ionization Rates 
i n  ion pairs/cm3 sec 
Neutral Densiti s 
in particles/cm 3 
620" 8 9.3 x 109 7 x 10 
3.3 x lo7 937 8 6.1 x i o  
Table 1. Ionospheric and Atmospheric Data in the Daytime. Measured 
densities for diatomic ions have been multiplied by a factor of 1.75. 
ion densities a t  120 lan represent an extrapolation of some 10 km. 
for 30" solar elevation. 
The 
Q, are 
3 
There a re  also sv&ibb le  now mass spectrometric values fo r  the 
densities of the neutral species 649596). 
On the basis of these densifies Zip 4721 as  reevaluated the rates of photo- 
ionication, taking into account also the ionization by energetic photo- 
electrons, His results f o r  t h e  ionization rates f o r  the so la r  zenith 
angle which existed a t  the time of the observations are also shown in 
the table. 
These are  tabulated in Table 1. 
The problem t o  which th i s  paper i s  addressed is  really the 
consistency of these particular sets  of observations w i t h  Laboratory 
reaction rate  measurements. The m i n  conclusions hold, however, for  most 
of the observed profiles of ionic abundance i n  the E and F1 regions. 
!The comparison of ionospheric reaction rates with measured laboratory 
rates ,  however, i s  subject always t o  the reservation tha t  the s ta tes  of 
the ions and molecules involved may not be the same. 
cannot be taken t o  imply inescapably that  experimental errors exis t  in 
one or  another s e t  of measurements- 
Hence, Wconaistency 
2. 10°C CREMISmnt 
Nicolet and swider(8) recently have reviewed the chemistry of 
the ion and electron reactions involved. Since here the concern is  with 
the region above 120 km the list of reactions of importance is  reduced 
i n  length compared t o  theirs .  
NO and IV as  neutral species turn out t o  be of negligible importance in  the day, To 
systematize somewhat the notation for reaction rates the atomic or  molec- 
u l a r  species w i l l  be denoted by numbers, 0 being 1; N2, 2; 02, 3; NO, 4 
and I?, 7. 
(i j , k) where i is the ion before colLision and k the Ion afterward. 
In particular those reactions which involve . .  
The ion-molecule reaction ra te  coefficients w i l l  be written 
t 
The dissociative recombination m t e s  w i l l  be designated a for 
2 
N2+# a3 for  02+ and ah for  NO+. The %onfzation rates by photons and 
photoelectrons sfmfhr&jr will be written as Q,. 
been reviewed recently by Paulson ( 9 ) .  References t o  the original 
The situation with regard t o  s l o w  ion molecule collision8 has 
researches m y  be had in that review w i t h  a few exceptions t o  which 
references w i l l  be specifically given here. 
The measured Pates f o r  the various reactions which have been 
5 
l -  
a3 
a4 
The greet spread i n  the reported rates  fo r  (l2,4) and (23,3) 
presents a most perplexing problem. Neither a3 nor a4 has been deter- 
mined precisely even a t  300" K and of course the dependence of these rate8 
on electron and ion temperature and on the states of the reactants is 
almost ent i re ly  unknown. Finally the rates for the key processee (21,b) 
and (21,l) are  not yet measured. Although it has been argued(8) that 
6 
I 
I -  
the s t a t e  of IO+ produced in the reactions (21,k) and (23,4) I s  the 
excited 
s i tuat ion is not completely clear. For one thing the energy of tbe 3m 
state is not well known. While there is p laus ib i l i ty  i n  the argument 
T e l e c t r o n i c  s t a t e  and these reactions are endothermic, the 
that this is the  final state or,  i f  not, that an electronic t ransi t ion 
i s  involved in the reaction and the cross section should be -,the theory 
of rearrangement coll isions of this  sor t  cannot be said t o  exist .  Thus 
it would not appear t o  be safe t o  re ject  (21,4) out of hand at this time, 
die tas te fu l  though a high cross section f o r  it may be t o  some. 
In  the absence of significant diffusive flow 
do2+ - d t  = 14, + (23,3) N g  * O2 If - fi32,4) 0; o N2 + a 3 2  0 * I ! I ~  (3) 
I -  
I 
1 
7 
For the concentration [X J the chearfcsl m o l  x is enploye~ 
and the product of two concentrations I s  written X*Y to distingabh It 
from the sJabol for the molecule XP. 
3. THg I O ~ O S p H e R I C  c0mIT10Ios: DAmm 
In the daytime steady state f r o m  the data in Table 1 the irportant 
terms in these equations at 120 km, 140 km and 160 km are ais folloWo. 
At 120 Inn 
at: 7.5 (12,4) + (13,3) - 0.25 (21,1) = 6 x (6) 
H ~ + :  (21,4) + ( 2 1 ~ )  + (23,3) = 8 x (7) 
02+: a3 = 1.85 x 10-7 + 1.3 x 103(13,3) + 3.2 x lc? (23,3) 
a4 + 1.1 a = 6.6 x 10'7 (15) 3 
1.55 a4 + a3 + 0.18 a2 = 2.65 x loa7 (20) 
It turns out that the term in  a2 fo r  H2+ may be neglected a t  
all three al t i tudes compared to  the production te rn  and a l so  that the 
terms i n  (23 ,k )  ancl(!j3,4) a r e  both small. 
independent relationships for  the 6 coeflicienfs (l2,b) , (13,3) (21,k) , 
Still. these are only 4 
(21,1), (2393) and (32,4) and a.3 and a40 
If there were no production terms-et Qfat he differential 
equations (1-4) would supply the  4 m i s s l q  equatfom. 
except perhaps near 160 km, it is not a t  a l l  c lear  that a sipple 
Unfortunately, 
of ionization describes the nocturnal situation. A t  this altitude, 
Furthermore, the electron temperature changes considerablg frcrm day t o  
night. The recombination coefficients play be quite different for the 
two sets of conditions. 
Under these circumstances it is practically necessary t o  begin 
by assuming, where experiments are until now more or less i n  agreement, 
that  those coefficients have their measured Values. Thas (l3,3) can be 
9 
taken t o  be 5 x IO"= cm3/sec - the  most favorable condition for 8 small 
value of ( ~ , 4 ) .  ~n upper l i m i t  , in fact ,  may be put on the rate at 
which O+ is changed into 02' in (18) by the upper l i m i t  (20) sets on 
2 x 10-7 e d / s e c .  
5- 
T h i s  Umft fo r  (13.5) is 6 x LQ'u cm2/sec. 
3.1 EQ lsn 1 -  
I Then a t  120 km the O+ and I$+ equations may be coibined t o  
t h i s  becomes 
(12,4) = 2.8 x 3.3 x lo'= [(21,4) + (23,3)] 
and (l2,4) may be 3 x loWu only if 
I 
Thus t o  require that (23,3) be a8 small as 4 r 10'13 calls for a verg 
large value, 7.5 x 
were 2 x 10'lo cm3/sec (21,4) would s t i l l  need t o  be 5 . 5  x 10-l' cm3/mc. 
cm3/eec, for  (21,4). On the other hand if (23,3) 
From (9) the rates 
(12,4) = 3 X looE CB13/6ec 
(21,4) = 7.5 x 10"' @rn3/sec 
meem tha t  the recombination coefficient for NO+ muet be given by 
a4 = 4.8 x + 5.5 x 10 6 (32,4) 
lo 
It prill be shown, from a study of the n i a t  time decay of o + that ( ~ ~ 4 )  
probably is only of the order of  
2 
cm3/sec Thus, we a& 
(32,4) = lo'14 ClU3/8,, 
and 
a4 = 5.3 x 10-7 cm3/eec 
I -  TUS implies from (u)), 
= 3.6 x 10-7 cm3/8ee. a3 
On the other hand, with 
(12,4) = 3 x 10-12 cm'/sec 
(23J) = 2 x 10'" c3/sec  
(21,k) = 5 . 5  x 10-l' cm3/sec 
the condition on a4 becomes 
a4 = 4.2 x 10-7 cm3/sec 
and 
= 4.1 x 10-7 cm3/6ece a3 
To require both (23,3) and (21,4) to be small would mean that 
With 
(13,3) = 5 x cm3/sec 
it follows that 
If 
(L2,4) = 14 x - 2.6 x 10'2(21,4) - 10-2(23,3). 
I -  
I -  
Even if 
(23,3) = 2 x cd/see 
the small value of (l2,4) requiies 
(21,4) = 3.5 x cm3/s~c 
and a4 = 3.2 x 10-7 cd/sec 
a3 = 3.1 x 10-7 c3/see 
On the other hand, if (23,3) is small then (21,b) can also be 
smsu if 
( 2 1 , ~ )  2 5 x 10-10 cm3/sec 
(l2,4) = 15.5 x cm3/sec 
a4 = 3.6 x 10-7 e~~?/sec 
a3 = 2.7 x 10-7 cm3/sec 
A t  160 km 
(12,4) + 10" (13,s) + 1.55 x loe2 (21,4) + (3.5 x 10"3)(23,3) = 7.4 x 
Here (13,3) cannot be as large as 5 x 
3 x 10'12 cm3/sece 
cd /sec  i f  (12,4) I s  t o  reach 
If it is assumed that 
and 
then 
With 
: -  
I -  
and 
while 
cI1, = 0.75 x 10-7 cm3/8ec 
= 1.5 x 10-7 cm3/see a3 
On the other hand i f  
(23J) = 2 x 10-l' cm3/sec 
it follows that 
(21,4) = 4.8 x cm3/sec 
= .63 x 10-7 cm 3 /sec 
a4 
= 1.7 x 10-7 cm3/sec a3 
and 
Here, i f  both (21,4) and (23)3) are small it is required that 
(21.~1) z 3.9 x 10-10 cm3/sec 
( ~ 2 , 4 )  = 4.4 x 10-12 cm3/see 
x 10-7 cm /sec a a4 = 1. 
a3 = 1.1 10-7 cm3/sec 
These results are summarized in Table 2. Also included in  that 
table is a set of conditions which must prevail If (23,3) ie 2 x lQom 
cm3/sec and (21,4) is small. In that case it is assumed that 
-ll 3 (13,3) = 3 x 10 cm /sec 
a t  all levels. The other rates follow *om the relationships 
a t  120 km 
(1.2~4) = 3.1 x - 3.3 x @21,4) -+ (23,3)] 
a t  140 ~rm 
-12 
(12,4) = 15*5 x 10 - 2.6 x loa2 (21,b) - (23,3) 
Table 2 
Reaction Rate C a f f i c i e n t a  at VUioum Altit- 
2 x 10-l0 -10 3.5 x 10 
-l2 150s I10 -12 13.5 x 10 
mu) 
-10 
$02 x 10 
2 x 10 
6 l(r* 
3.2 
3.1 
-.-.. -..- . - . ~ - _- I
-22 
-10 
3.7 x 10 
3.5 x 10 
-10 2 x 10 
410-u 
.. .- ...._ . .. . . . . 
-I2 
-10 
4.4 % 10 
3.9 I 10 
4 x 
UfY 
1 % 10-7 
1. % lo-' 
a a d  
1.0 
40 
-3u 3 % 10 
1.7 x 10 
$06 s XO 
-12 
4 0  
c lo-11 
t o  be the second column of the table with. (I2,b) smU and. both (233) 
and (21,4) Urge OF the third Kfth (l2&&l8 (23,3) a d  (21,l) hrge but 
(21,4) SIUBU. m e  RO' and 02" reco&mt%on rates  are a U  more o r  lees 
compatible within eqertmental uncertainty vi-& the h b f . e s t ~ l q l g  values, 
although 3 is eomewhat hfgB and a4 s m e w h t  law, e8peeisUy in %he 
second column a t  120 kmo 
In every case there is strong evidence tW.t (21,4) dscreaeee 
rapidly xi th  increasing tempemtureo 
the lower alt i tudes.  
temperature. T M ~  is assoczated w i t h  the very rap%- i n c ~ e e r e ~  O+ 
density especially above 150 km in a ~ e @ ~ n  *er  tihe I$* density 1s 
also increasing. 0' removal by (32,b) f&ster a% x cm3/~ec 
a t  160 Ina cannot be permitted even if a l l  of the Ne' produetion 96s . 
converted I n t o  O+ by the charge exc 
So mst (p2,4) %% it i r s  Urge at 
(21,l) also appea~s t o  decrease somewhat with 
pmxese (21,1)o =cmue the. 
+ density fs increasing more rapidly tWn %he NO' demftty the value N2 
of (2b,4) m u s t  be reduced i f  it is effective a t  a l l .  
Farthermore the reduceif overall ionization rate h a  regfon of 
m a x m  NO+ and 02' concentration, where the electron density is r i s i n g  
because of the increasing importance of 0; requires ,a pe"p+dly decreasfng 
recombination coefffefent, partfeu3bbrly for lto'e 
and 01 on electron temperature (Te 2 LOOO" a t  160 Ism) is shown In Tsble 2 
fo r  the various ca8es. 
'e -3/2 for  NO' and Te 4 3  f o r  O2 . 
I"hs'deduced dependence of a 3 
4 
In all but the last column f t  is  very nearly 
4- 
To extend t h i s  analyais t o  220 km fs e tmigbt fomri l  prairZded that  
assumption of negligible redistribution of Pons by diffusion is valid.  
The conditions there are, for 
G': (12,4) + 5.1 x lom2 (13,3) - 6,4 x (2l11) = 2.3 x lo'= 
NZ': (21,4) + (21,l) + 3.5 x lom2 (23,3) -I- 8 x a2 = 2.9 x 10 -10 
1,4  
Here the 
The values of ah 
Crb .t a .t O U 1 4  3 = 1.2 x loovb 
possible importance of a2 dictates %he following approach. 
and a a t  2200O electron temperature are calculated 
3 
f o r  the temperature dependences i n  Table 2 and the value of QZ deduced 
from the overa l l  recombination r a t e  condition. mese values are also 
shown i n  Table 2. 
larger than a(N0') a t  220 Inn suggesting a T -3/2 dependence f o r  it also. 
The conditions on the ion-molecule reaction coeff%eients are fndfetfngrrirh- 
ably different for  the first three columna. 
table. 
In the first three cases a2 would appear t o  be no 
They are written aut %n the 
Upper limits for (12.4) in the first Wee  cases are  lo'= cn?/aec, 
l6 
for (21,l) 2.7 x loqLQ cn’/see and for (21,4)j Popu c d / s e c  at a gas 
temperature of 1000’. The upper u t  on ( ~ ~ 4 )  is eet by the NP 
equation and the value of at. The U t s  are only slfghtly different in  
the last column whfch belongs t o  the case of very large (l2,4) and very 
small (23>3) and (21,b) at low tempem%upe. 
The strong temperature dependence of (12,b) and (21,b) are thus 
In the last two columns the rate ( l2 ,b )  decreases with confirmed. 
temperature according to 
17 
3.5 H i g h l y  Speculative AltePntat%ves 
(2 1 
In  v i e w  of some laboratory experiment$ wUch indicate a very high 
efficeency f o r  conversion of IV + t o  N ~ +  even a t  POW pressures it might 
2 
be worthwhile t o  examine w h a t  sor t  of (txs body Uke) rate would be 
required f o r  
N2+ + N2 * 8; 
if it were t o  be the principal mode of IT2' removal. A t  l20 $where 
conditions are most favorable,setting the ionization Pate of 5 eq-1 
3 I -  . - - -  --I- --d *r -I- L-- nv f .~ l - . . - - .~a- -  drra.,..ar asan+4-..r -+- -+ 
U w  UALG A V P U  A U U Q  V I  "2 YJ "4 - - - W Y - . W - -  --I----  - - - - - -  - -  - -  --  
2.5 x Since the highest 
cross section measured so f'ar is only 1.0'~ c m  t h i s  requirement appear8 
t o  be excessive. 
m3/sec, o r  a cross section of 10-1~ cm2 e 
2 
(14) 
F'urthemore, since it would then be the case that 
and a(IV<) appears t o  be about 2 x 1Qu6 c ~ n ~ / s e & ~ & h e  density of Y< would 
have been reported at lo5 km ('6' where their density was estimated at 
4 1,2 x LO per cm3. 
be i n  excess of 10 4 ions per CHI 3 It is interest ing that ions of mass 56 
But u n t i l  their presence i s  detected at higher 
a l t i t udes  t h i s  mechanfsm does not seem t o  be too hopem.  
Another rather remote possibi l i ty  is that  a large fract ion of 
the nitrogen ionization by hard photons i n  the l20 km regfan is going 
i n to  dissociative photo-ionization and $he N' ions are being rapidly 
converted t o  NO+, 0' or 0 +. 
do not support t h i s  hypothesis however. 
The measured photo-ionization cross sections 
2 
(17) 
This exercise 3s only Uwtpgbtiveo It certainly cannot pretend 
to select an appWed set of mmtjbon rates for  the ionosphere. However, 
it does insist on the fapossfbilfty of' reax~cflQnrr the valiles. 
( q 4 )  = 3 x loou clu3/sec 
f23J) = 4 x eau3/see 
i n  the presence of these Ionospheric data unless both (21,l) and (21,k) 
are very large. lh fact  i n  the region around Ut3 km it s e w  dtff3cul.t 
to reconcile them even in this case. On the other hand a larger value 
of (12,4) permits the accomodatfon of a large range of possibilities for . 
these other rates. 
4. ImospHwIc comm10m: !nm 
The rstfo of the day t o  the night densities of ionic species 
measured i n  the NRL experiments(3) is displayed in mble  3. A t  200 km 
the most remarkable phenomenon fs the slpslp decreamre which the e+ density 
has suffered i n  the GOUTS& of 2 x 10 4 seconds fn the face of  the vary 
fast rsrte at which it dieappears in the bytime* With % - 0,  gquatlon 
(2) gives the decay ra te  of N2". If 
Table 3 
N i g h t i m e  Ionic Densities and Ratio of Day t o  Night Densities i n  cm 3 
Altitude 
km (1) O+ Ratio (2) He+ Ratlo (3) 02" Bstfo (4) NO+ Ratio 
I20 1.6~1s 440 4 * 5x10~ 5 
160 1 e 5x103 45 l . 4 X l O 2  440 &lo2 115 
140 1 . 4 ~ 1 0 ~  440 4x10~ 14 
220 1 . 8 ~ 1 0 ~  360 35 50 2.7~10~ 4.1 3x103 5.9 
OF 
would need to be satisfied if % = 0. 
only about 700" and a2 is 3 x 10-7 at 300" and since, at 
Since the tempelsture 8t  night l e  
km, 
[ (21,4) -t (21.1) 1 + 3.5 x (23$3) + 8 z lQq4% - 2&d: lo'lo 
these conditions do not appear to be possible. It is difficult t o  avoid 
the conclusion that, if the observations are correct, a source of ioniza- 
tion for N2 must exist above 200 km at night. 
a rate 1/50 times the daytime rate or 
In a c t  what is needed is 
%(Night) = 6 ion pafrs/cm3 6ec b 
In such a case, however, it is necessary to account for the much 
larger decrement in 0' concentration. The IT2+ density (again neglecting 
diffusion) is given from (2) in the steady state by 
and the 0' density from (1) by 
20 
 faking use of @%)it  appears tbst the @/n2+ r a t io  is proport- t o  
the r a t i o  of the ionization rates.  
O+ Q, I - + =i a - (b+  a2 11,) + C 
N2 &2 
Thus the 0'/n2+ ratio should be the same day and night if Q1 aail Q2 c m  
i n  the same 
b +  
way except for  the factor 
The observation that the ratio actually changes by a factor of 7 f r o m  
night t o  day while #e changes by 8 factor of 100 indicates th&,af indeed 
Q1 and &2 are e s s e n t i a w  equal day and dgat and do not vanish B t  a@%, 
. the term CY#e must produce most of the change in the 0'4 mfio. 
For t h i s  t o  be the case it is necessary that 
a(b + 100 a2 NJ + c = 7 a(b + a2 Ne) .c c I (26) 
or  
Since c = (21,l) 0 
[(U,4) + (1,331 I w2 
21 
this means that 
or with Ne  = 5 x lo3 electrons/cm 3 
h Hence if a2 = 3 x 
ef fec t  a change of 7 i n  the O'/N2' r a t i o  even if el/% is the same night 
and day 
the following eonditlons w o u l d  permit a2 Be t o  
-ll 
(21,k) ,< 5 x 10 
-ll (21,l)s 2.5 x 10 
(2393)  $1.5 x 10'
These conditions are a l i t t l e  severe considering the daytime N2' removal 
requirements. 
by electrons is  larger  than that of 0 (20) by a Betor of about 2 a 
combination of effects involving the  m t f o  of 62 t o  Q1 and the relative 
increase i n  N2+ density at  night because of the reduced electron density 
+. (17, $419) Since the cross section fop praQu&tibn.o? E$ 
available fo r  dissociative recombination would serve t o  explain the night 
time N2+ and O+ density near 220 km. 
As for  NO+ and 02+ a t  these a l t i tudes  the i r  persistence ompiired t o  0' 
and N2+ re f lec ts  the fac t  tha t  both NO' and 0; feed on 0' and 19 + and 
decay primarily by dissociative recombination. 
2 
Thus 
22 
If (13,3) fs of the o r d e ~  of 3 x loeu the first term ¶n the numerator 
dominates the second even at  night and even if (23,3) fa as lapee as 
2 x 
changes by a factor of 100. 
t o  account for,  provided Q3 is considerably less than the first two terms 
in the denominator in the day. 
of 50 ion pairs per cm3 per second, while the first term is about 250 per 
cm per second. 
This term changes by a factor of 360 from night t o  day but Ne 
Thus a change in 02' by a factor of 4 is easy 
This it surely is,sfnce Q3 is of the order 
3 
Similarly for NO+ 
A change by a factor of 6 f r o m  night t o  day in the  presence of a 100 fold 
increase i n  Ne is  a consequence of the dominant role of the first tern in 
the numerator, the ion atom interchange of 0' and N Since 0' varies by 
a factor  of 3.6 times as large as Ne the same sor t  of diurnal variation 
should occur i n  NO+ as i n  02+. 
2 O  
Of course the electron temperature changes diurnally by a very 
large factor a l so  a t  220 km. According t o  Table 2 the decrease in a4 from 
night t o  day (700" t o  2200") is larger than that of a by a factor of about 
2. 
variation of 02+ and NO'. 
3 
This  could account for  the difference i n  the amplitude of the diurnal 
Thus the results appear t o  demand a source of ionization produc- 
ing about 6 t o  8 ion pafrs/cm3 i n  the 220 km region a t  night. A t  the 
rate of 35 eV per ion pair th i s  calls f o r  a deposition of only 2 t o  
3 x 10-l' ergs/cm 3 sec a t  these alt i tudes or  about IOe3 ergs/cm 2 sec, 
23 
This i s  below the limits set by Dalgarn~(~') 
about 1.5 x 
i f  a l l  of the radiation were produced above 220 lan. In fact the shape 
of the 02" and NO' peaks suggests that the ionization may extend as low 
It would produce only 
3 photons of gg1G per em per sec o r  5 x Rayleighs 
I-  
! -  
a s  380 km. 
up by a factor of two. 
To penetrate only t o  180 lm the electrons would need t o  be quite low i n  
Pn t h i s  case the estimates of radiation and energy flux go 
. Fortrrnately t h i s  can be tolerated also. 
energy i n i t i a l l y  - only a f e w  hundred volts at  most. 
In  the region around 160 km it appears t o  be possible t o  account 
fo r  the behavior a t  night on the basis of a straightfomard conversion 
of 09 and N2+ t o  02' and NO+ and subsequent dissociative recombinstion. 
No source of ionization is  required, 
constant of less than 10 seconds. Xn a time of the order of 2 x 10 
seconds the electron density is reduced f r o m  about 1.5 x lo5 t o  about 
500 (perhaps 750) 
The O+ density decays with 8 t ime 
4 
This gives, from 
an overall  recombfnation coefficient 
i n  excellent agreement (despite the reduction i n  electron temperature) 
with the daytime condition 
24 
which worked out t o  an average recombination eoefffefent of 1.15 x 10-7 
cm3/sec i n  the i h u s t r a t i v e  example above, 
In  t e r m  of the diatomic Ions Esepsxately the situation is that 
+ decreases by a factor of 440 i n  2 x PO 4 seconds0 O2 Since 
if it is assumed that 
Ne = NeO 
1 + a NeO t 
the 02" density is 
(1 + (31 "t) 3 /a 
4 A t  2 x 10 seconds the requirement is t ha t  
Hence, unless a3 << a the condition on (32,4) which was mentioned earlier 
is obtained, namely 
(32,4) < cm3/sec 
If (32,4) = 
t o  a i s  1.07 x 10-7 cm3/sec. 
cm3/sec, a3 = 0.73 x lo'? cm3/sec. The upper Umit 
3 
For NO+ 
o + + a4 NO+ 
Ne 'e 
" = a 3 2  I (33) 
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If 3 I s  1.07 x 10'7 c d / s e c  then a4 is a x lQm7 c d / s e c .  
On the other hand a t  lower altitudes the c u ~ i o u s  fact  is  that9 
whereas 02+ has decayed i n  approximately the same fashion f$srm 160 km 
t o  140 km, the  NO' density remains high below lb Inn and 
near 130 km. The day t o  night r a t io  fo r  NO' is only 15 near 140 h 2x1 
contrast  with 115 a t  160 km and 450 for 02". Although it is possfbLe 
t o  argue tha t  t h i s  behavior indicates that a4 increases with increasing 
t e m p e r a t ~ e ( ~ ) t h e  behavior of a4 i n  the d a y t i m e  does not indfcate such a 
teddency - quite the contrary. 
specif ic  t o  NO meets a double diff icul ty .  
a peak 
To postulate a source of ionfzatfon 
For one thing there is no 
adequate mechanism. The ionization rate required a t  E O  km is 
Q4 = a4 N$ = 10 ion pairs/cm' sec 
According t o  Barth(22), the density of NO near I20 km is about 2 x IO 7 
per cm3, 
is ionized by the nightglow Lpmn a shows that only about 3 x lom2 Ne 
None of the meteoric ions 80 
Calculation of the rate at  which n i t r i c  oxide a t  th i s  density 
ions per cm 3 per sec should be produced. 
far detected have ionization potential  great enough t o  charge exchange 
with NO. 
of an electron density greater than lo3 per cm3 the 02" density would have 
decreased far below the observed 150 ions per cm3 observed 6 hours after 
sunset if a3 is greater than 10-7 cm3/see and Q19 
W i t h  only Q4 non vanishing 
Finally, as Holmes et  al(3) have pointed out9 fn the presence 
and Q are a l l  zero. 3 
where 
from which and (36)  it turns out that 0 "/Q20+ would be less than e-2o at 
2 x 10 seconds. 
2 
4 
Thus, unless a4 and a increase with Te it i s  necessary to assume 3 
a nocturnal source of ionizat+ion in the E region which can produce 0 
ions as well as NO+ ions, 
for 
2 
At 130 aa8 the conditions (1)-(4) may be written 
where it has been assumed that, as i n  the daytime, 
In contrast t o  daytime conditions the ion atom. interchange of 0 + with 
N2 (32,4) competes w i t h  dissoefative secombinatfon fn reducing the 0 ' 
concentration. 
compared t o  NO'. Another factor  0f 40 %s needed. 
by a reduction i n  the importanee of Q a t  night re la t ive  t o  the daythw 
and an a l te ra t ion  i n  the O+ t o  N2" ratio.  
2 
2 
This only accounts for a factor of two reduction in 02+ 
It can only be obtained 
3 
Clearly, from (39), a large value f o r  (23,3) is d i f f i c u l t  t o  
to le ra te  for  it would require a low M .p. density fn  order not t o  overproduce 
2 
02'. But then the NO' would need t o  be produced from O9 with a large value 
for (12,4) There is  an absolute upper l i m i t  of O+ density of 1 per cm 3 
per sec set by (39). 
(38) and (39) may be combined t o  read, on the one hand, 
These conditions are not in fac t  compatible, fo r  
and on the other hand 
In  the second condition it foUows t h a t  
f f  (23,3) J 0.15 @ L 4 )  
O r  (l2,4) > 5 x lomu cm3/bec 
which is twice as Urge as any m e a s u r e d  value. To account $or the mekurzml 
bulge of NO' re la t ive t o  02' it is necessary t o  take (21,4) gxvstelp than 
2 x 10'10 cm3/sec and (23,3) less than 3 x 
these values are consistent with those i n  Column 1 of Table 2. 
cm3/sec. In the aaytfine 
If, in f ac t  
following Table 2 then the nocturnalE region can be sccsm%e& for from 
(38) if 
+ = 0.4 ions/cm3 N2 
which implies from (40) 
&2 = 6 ion pairs/cm3 sec 
and any combination of 
If it is  desirable that  Q1 and Q3 be comparable i n  magnitude then (41) may 
be used i n  the form 
t o  give, say 
Thus the  ionization Pates would be i n  the ra t fo  %/Q1/Q3 = 26/1,6/1 where 
the densit ies are i n  the ra t fo  N2) 0102 = 9/2/1 imp- an ionization 
efficiency for  N2 about 3 times that fo r  the oxygen species. 
However, a decision i n  favor of the rate coefficients in the first 
column of Table 2 is not t o  be made as readily as this .  
and below a possibi l i ty  that (32,4) is larger  than 10"' cm3/sec. 
t h i s  02+ N2 reaction converts 02" into NO' it fs clearly of po%sn$fal great 
importance a t  night i f  i t s  rate is of the  order 0f 5 x 
it changes 02' t o  NO9 then at t h e  rate of 45 x 
t o  a loss of 9 x 
of charge exchange 
There fs a t  140 km 
Sbee 
cm3/8ec for 
per rsecond compared 
S h i l i a ~ l y  the reactton per second by recombination, 
0: + NO 3 NO+ -t Oa 
would convert 02" to NO+ a t  a rate of 50 x 
coefficient (34,4) were 5 x cm3/sec. 
per second if i ts  rate 
On the other hand these values for (34,4) and (32,4) would change 
the values of a 4  and a i n  the daytime t o  7.3 x 
cm3/sec and the night time conditions (28) and It3) a t  1% km would become 
cm3/sec and 2.4 x 
3 
Hov it is poseible, as can be seen f'rm comb- (k) and (k3) I that 
I if 
Since (1.2,4) 4 20 x 10-12 cm3/sec i n  the a ~ y t i #  ~ 0 1 h  of the 
poss lb l l i t i es  are ruled out, but the eonversion of 0; t o  NO+ by 02'# lf2 
and %+, NO reactions now peFmits high values of (23,3) Without reqalring 
the O9 density t o  be very low. This in turn permfts low values of (12,4) 
t o  make an adequate contribution t o  the NO' productionQ 
can be satfsfied with 
For exlaple (43) 
(21,4) = 5 x PO-~O cm3/sec 
N ~ +  = 0.6 ions 
and f'rom (40) &2 = 10 per cm 3 per sec 
This  value of (21,4) from the daytime requirements implies 
3 (23,3) Q' 2 x 10-l' cm /sec 
(21,l) 2 5 x cm3/sec 
(L2,4) 3 x cm3/sec 
Such a value of (12,4) requires that 0' must be less than 1 per em3 in 
(43). Now the 02' equation (k) can be satisfied, for  example, ff 
31 
Such O9 and N2+ densities, from (411, require that 
Q1 = 1.2 per cm 3 per rPeeond 
The r a t i o  of the ionization rates for  N2, 0 and O2 is in this case 
20/2.4/1 which implies about twice as high ionezation efficfeney fo r  N2 
as f o r  % and 0. 
It is also possible t o  accommodate IPL snrsll value fop (21,k) if 0' 
i s  large enough. Thus 
m e a n s  that 
O+ 
%+ 
Q3 
92 
Ql 
and 
= 4 per em 3 
= n, .1 per c m  3 
.2 per cm 3 per ~ e c  
= 1.5 per cm 3 per sec 
15 per cm 3 per sec 
= 
= 
e3 Such a state of affairs sets Pather peculiar conditions on QlY 
and does not appear t o  be r e a l i s t i c ,  
and 
32 
The meaewements of Holmes, Jobson and Young of f~xao@erfc ion 
densit ies in the daytime are cronrsi6tent with 3 x 1Q"= cn?/eec for %he fan 
atom interchange of 0' and N2 i f  the ion atom interchange of N2+ and 0 I s  
very rapid. A small ra te  for  the charge exchange of li; and O2 implies a 
rate for  N2', 0 ion atom interchange larger than 5 x 10°Bo em3/sec at 300% 
They are consistent with a low rate for ion atom interchange of bJ 4- and 0 
only if the rate (12~4) for the o+? N~ P=ction is 24 x 10-12 c d / s e c  or 
higher. 
2 
They a lso  imply that the ion atom Jbnterchange reaction rates 
decrease rapidly with temperature. 
cients requirehi are 5 x 10-7 em3/sec for  NO+ at  mom temperature and 
The Qissoefative r e c o d a t i o n  coeffl- 
3.5 x 10-7 cm3/sec f o r  %* Kfth respectfvely a Tg -312 ana a Te 4 . 3  
temperature dependence. 
A t  night the NO* maxfmum m d  high 02' density $m the E rPeg%on can 
If production be explained on the basis of a local source of ianiza%%on, 
of NO+ by N2+, O2 ion atom interchange and 024, NO charge exebaarage As 
inefficient,  the high r a t io  of NOo to 02' at nfgRt demands that the N2+, 
0 ion atom interchange have es rate greater than 2 x loepQ em 3 /Be6 and 
the  production of 02" by charge exchange from N2" occur with a rate less 
than 15 pep cent of the r%, 0 rate. 
rates can be large, cons%stent Kfth bfl$.me possfbil i tfes,  ff NO' fsrnratfon 
from N2+ - O2 and 02' - NO, o@@urs with rates of 5 x 
5 x 
On the other hand both of these 
cm3/sec and 
cm3/sec. The ionization rates are between 5 and 10 per cm3 per 
second i n  a region some 30 km wide and hence need not produce excecssfve 
nightglow N*+ m a m i o n  
Similarly above 180 Irm ionization by slow electrons with a rate of 
5-10 ion pairs/cm 3 see appears t o  be needed, 
and also 
N2' + 0 + N2 + 0' 
are necessary i n  order to  select among the pos8ible sets of conditions 
outUned here. 
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